We investigate the low-temperature Hall effect in electron-doped La 2−x Ce x CuO 4 thin films from heavily underdoped x = 0.06 to heavily overdoped x = 0.17. With increasing x, the charge carriers that dominate the Hall effect gradually change from electronlike to holelike. From the Hall coefficient and differential Hall coefficient, we infer that a large holelike Fermi surface forms above x = 0.15, that is, the electronlike pocket may exist until x = 0.15. Meanwhile, the sign of the Hall resistivity changes from negative ͑x = 0.105͒ to positive ͑x = 0.12͒ at 2 K, indicating that single electron pocket exists below x = 0.105 at low temperature. DOI: 10.1103/PhysRevB.78.174521 PACS number͑s͒: 74.78.Bz, 74.25.Fy, 74.72.Ϫh Transport measurements are frequently carried out to reveal the electronic structure of high-T c cuprate superconductors ͑HTSs͒, such as the phase transition, 1-3 the quantum critical point ͑QCP͒,
Transport measurements are frequently carried out to reveal the electronic structure of high-T c cuprate superconductors ͑HTSs͒, such as the phase transition, 1-3 the quantum critical point ͑QCP͒,
4-6 the stripe order, 7 and the origin of the pseudogap. 8 Quantum oscillations of resistivity and Hall resistivity have been observed in underdoped YBa 2 Cu 3 O 6.5 ͑Ref. 9͒ and the reconstruction of the Fermi surface ͑FS͒ is demonstrated. 10 The resistivity in high magnetic fields is used to characterize energy scales of the two-dimensional ͑2D͒ local paring in YBa 2 Cu 3 O 6.6 crystals. 11 Studies on electron-doped Pr 2−x Ce x CuO 4 ͑PCCO͒ thin films reveal that the upturn of resistivity is due to the spin scattering 12 and spin-density wave ͑SDW͒ induced FS reconstruction model is responsible for the anomalous Hall effect and magnetoresistivity in high magnetic fields. 13 Recently, the high-temperature Hall effect of HTS has been performed on the parent insulator of the electron-doped system. 14 The Hall coefficient ͑R H ͒ of Pr 1.3 La 0.7 CuO 4 shows sign reversal near 700 K, above which R H is positive. Previously, Onose et al. 15 pointed out that in underdoped Nd 2−x Ce x CuO 4 ͑NCCO͒ the FS is holelike at high temperature and gradually evolves into holelike and electronlike pockets as the temperature decreases, then into a single electronlike pocket. This process is similar to the evolution of FS with decreasing Ce doping revealed by the angle-resolved photoemission spectroscopy ͑ARPES͒ experiments. 16 In order to reveal the ground state of electron-doped HTS, lowtemperature Hall effect has been addressed for PCCO system and a kink of R H ͑x͒ at 0.35 K has been observed between x = 0.16 and 0.17, hereby a QCP is suggested to exist in this range. 6 In electron-doped HTS family, the optimal doping of La 2−x Ce x CuO 4 ͑LCCO͒ is ϳ0.10-0.11, 3, 17, 18 quite different from that of NCCO and PCCO systems ͑both around 0.15͒. Therefore, it is interesting to test whether the quantum phase transition due to FS rearrangement lies on the optimal doping or reflects the common mechanism of electron-doped HTS, that is, whether the larger holelike FS forms. In present work, we systematically investigate the low-temperature ͑down to 2 K͒ Hall effect in LCCO thin films. We find that with increasing x from underdoped x = 0.06 to overdoped x = 0.17, the charge carriers that dominate the Hall effect gradually change from electronlike to holelike, consistent with the ARPES results. 16, 19 Further, we infer that a large holelike FS forms above x = 0.15, that is, the electronlike pocket may exist until x = 0.15. The sign of xy ͑H͒ at 2 K changes from negative ͑x = 0.105͒ to positive ͑x = 0.12͒, indicating that single electronlike pocket exists below x = 0.105 at low temperature.
All the LCCO films for the present study were prepared by dc magnetron sputtering method. 20, 21 To obtain LCCO thin films with high quality, we carefully adjusted the deposition temperature, the ratio of Ar to O 2 , and the annealing process for each doping level. Owing to the undetermined oxygen content in films, we chose the highest T c and sharp transition of the annealed films for each Ce content. The 100 nm thin films were patterned into bridges with six terminals by photolithography and Ar-ion milling for both resistivity ͑ xx ͒ and Hall resistivity ͑ xy ͒ measurements. Some parameters of the films are listed in Table I . T c0 , T c onset , and T min represent the temperatures of zero resistance transition, onset of superconducting transition, and minimum xx ͑Ref. 22͒ in zero magnetic field, respectively. The main features are that ͑i͒ the films with x Ն 0.09 are superconducting, ͑ii͒ the highest T c onset appears at x = 0.09, while the sharpest transition and highest T c0 are at x = 0.105, and ͑iii͒ the normal-state xx decreases as x increases. We first describe the xy ͑H , T͒ curves of different doping levels. For the underdoped region, the xy of the nonsuperconducting LCCO thin films with x = 0.06 and 0.08 is negative and proportional to the magnetic field. As seen in Fig.  1͑a͒ , the films with x = 0.08 show xy ϰ H at different temperatures from ϾT min ϳ 88 K down to 2 K. In the overdoped region, the xy of x = 0.15 and 0.17 films is linear with the magnetic field in normal state, and the linear region of xy ͑H͒ could be extrapolated well to the origin of the coordinates. The xy ͑H͒ curves of x = 0.15 are presented in Fig. 1͑b͒ . It is clear that the fitted dashed lines pass well through the origin. Therefore, the xy ϰ H relation is also held well in the normal state of the overdoped x = 0.15 and 0.17, while xy is positive. Since xy ϰ H is similar to the behavior within the framework of conventional one-band Drude model, we infer that the electronlike ͑holelike͒ charge carriers completely dominate the Hall effect in the heavily underdoped ͑overdoped͒ region.
From x = 0.09 to 0.13, the xy ͑H , T͒ shows dramatic change with varying H and T, especially near the optimal doping. The xy ͑H͒ curves of all these superconducting films show linear part at low temperatures in certain high-field regime, whereas the extrapolated linear part of xy ͑H͒ does not pass the origin, i.e., xy is linear with H ͑ϳH͒ but not proportional to H ͑ϰH͒. We take x = 0.105 for example. The T c0 and T c onset of x = 0.105 are ϳ26.5 and 28 K, respectively ͑as seen in Fig. 2͒ . The xy ͑H͒ curves of x = 0.105 are shown in Fig. 3͑a͒ . At 2 K, the xy ͑H͒ is zero in low-field regime and becomes negative as H increases. The linear part of xy ͑H͒ could be observed from 9 to 12 T. To see it clearly, we plot the differential xy ͑H͒, i.e., d xy / dH͑=R H Ј ͒ in Fig. 3͑b͒ . The constant value of R H Ј between 9 and 12 T reflects the linear part rightly. Note that all the fitted dashed lines do not pass the origin. As T increases, the onset of the linear part shifts toward lower fields and deviation from linearity appears in higher fields ͓cf. dashed lines in Fig. 3͑a͔͒ . The relationship between xy and H gradually changes from xy ϳ H to xy ϳ H 2 . In Fig. 3͑c͒ , xy is plotted as the function of H 2 . It is obvious that xy ϳ H 2 is held very well nearly in the whole field regime.
In our previous work, we have reported the transport properties of LCCO films with x = 0.11. 20 Compared to x = 0.11, the xy ͑H , T͒ of x = 0.105 shows some similarities, including twice sign reversals and xy ϳ H 2 behavior at mediate temperatures. However, the positive xy ͑H , T͒ region is narrower in x = 0.105 than in x = 0.11. In Fig. 4 , we plot the xy ͑T͒ curves of x = 0.105 and 0.11 at H = 5 and 10 T. Obviously, the xy ͑T͒ curves of x = 0.11 have broader positive region and larger field is needed to suppress the positive region. This means that the holelike charge carriers play a more important role in the Hall resistivity of x = 0.11 than that of x = 0.105. This is because the holelike charge carriers gradually dominate the transport properties with increasing x. Note that the positive xy ͑H , T͒ region is broader in x = 0.11 than in x = 0.105 but narrower in x = 0.12. The xy ͑H , T͒ of x = 0.12 is positive in the whole investigated region of ͑2-22 K, 0-12 T͒ as shown in Fig. 5 .
To get the full image of xy ͑H , T , x͒, we plot the contour maps of xy ͑H , T͒ for x = 0.09, 0.105, 0.12, and 0.13 in Fig. 5 . The crosses in Fig. 5 represent the upper critical field H c2 obtained from the differential xx ͑H͒ curves ͑discussed below͒. For the slightly underdoped x = 0.09 ͓Fig. 5͑a͔͒, the xy ͑H , T͒ is negative in the normal state, and a small positive region can be observed in the mixed state. In Fig. 5͑b͒ , the xy ͑H , T͒ of x = 0.105 shows broader positive region than that of x = 0.09, which expands to cross the H c2 , indicating the contribution of holelike charge carriers is enhanced. 20 The xy ͑H , T͒ of x = 0.12 and 0.13 is positive in the whole investigated region, whereas for x = 0.12 the xy ͑H͒ first increases and then decreases with increasing H at T Ͻ 6 K ͑as seen clearly in Fig. 6͒ , which implies the contribution of electronlike charge carriers is increased with increasing H. It is undoubted that the charge carriers that dominate the Hall resistivity change from electronlike to holelike with increasing x, and the behavior of previously investigated x = 0.11 just mediates between 0.105 and 0.12.
Then we turn to describing the Hall coefficient R H in these LCCO films. we may get the information about which kind of charge carriers begins to dominate the transport and how the dominant charge carriers change as x increases. Figure 6͑a͒ shows R H Ј ͑T , x͒. It can be seen that for the films with x = 0.06, the R H Ј ͑T͒ is negative and decreases with decreasing T, and a quick drop can be observed at low temperature. For x = 0.08, 0.09, and 0.105, the R H Ј ͑T͒ is negative and also decreases as T decreases; for x = 0.12 and 0.13, their values of R H Ј ͑T͒ first increase and then decrease with decreasing T. The difference is that R H Ј ͑T͒ of x = 0.12 changes from positive to negative at low temperature. We mention that the xy ͑H͒ of x = 0.12 first increases and then decreases with increasing field at low temperature as seen in Fig. 6͑b͒ Theory for electron-doped HTS predicts that the FS is rearranged below a critical value x c due to a commensurate SDW order, and below a lower critical value x 1 the hole pockets are eliminated. 24 According to the theory, the x c in LCCO, where the large holelike FS is rearranged, is likely between x = 0.15 and 0.17. The Hall coefficient changes from negative to positive at x = 0.105 at 2 K, so we infer x 1 is near 0.105. Note that the R H ͑=R H Ј ͒ of x = 0.15 is larger than that of x = 0.17; this is inconsistent with the theory predicted R H ϳ 1 / ͑1−x͒. However, we can understand the present results on the basis of the concentration of charge carriers. As seen in Table I , the resistivity is lower and lower with increasing doping, so it is reasonable that the concentration of holelike charge carriers increases when large holelike FS forms. Therefore, the R H of x = 0.17 is smaller due to larger concentration of holelike charge carriers. Besides, though the x c in LCCO is similar to that in PCCO, 6 a plateau of R H Ј ͑x͒ is observed from x = 0.08 to 0.105 and the maximum positive value appears at x ϳ 0.15 instead of a kink observed in PCCO. One possible reason may be ascribed to different optimal doping ranges in these two systems. In addition, further work at much more lower temperature is required.
Finally, we simply demonstrate the method how we obtained the B c2 . As shown in Fig. 7 , we find that the differential xx ͑H͒ ͑d xx / dH͒ curves show maximum values at certain magnetic fields ͑B p ͒ at temperatures both below and above T c onset . At temperatures below T c onset the B p can reflect vortex dynamics, 25 corresponding to the transition of vortex motion from plastic state to elastic bundle state. 26 The B p at temperatures above T c onset should mainly be caused by other reasons rather than the superconductivity because the B p can exist at temperature far higher than the transition temperature as seen in Fig. 7͑a͒ . In the inset of Fig. 1͑b͒ , we can see that xx ͑H͒ increases slowly near the labeled H c2 in x = 0.15. It is difficult to define where is the accurate B c2 ͑T 1 ͒ just from single d xx / dH͑H͒ curve at T = T 1 even on logarithmic scale as seen in Fig. 7͑b͒ . So we reasonably assume the fast increase in xx ͑H͒ is caused by vortex dynamics and the slow increase in xx ͑H͒ in normal state is resulted from other reasons. The B c2 ͑crosses͒ in Fig. 5 27 In LCCO, there are also evidences that two kinds of charge carriers participate in the transport such as sign reversal of xy in normal state 20 and xy ϳ H 2 at moderate temperatures. So one possible explanation for B p at temperatures above T c onset is due to two-band effect in electron-doped HTS. Note that A could change at temperatures far away from T c onset . However, the relative values of B c2 for different LCCO thin films seem to be reasonable.
In conclusion, the Hall effect in electron-doped LCCO thin films is investigated down to 2 K. The xy ͑H͒ curves of heavily underdoped x Յ 0.08 and overdoped x Ն 0.15 obey xy ϰ H at low temperature, indicating that electronlike ͑hole-like͒ charge carriers completely dominate the Hall effect in heavily underdoped ͑overdoped͒ region, respectively. For 0.09Յ x Յ 0.13, the xy is linear with H at lower temperatures and in high-field regime. From the Hall coefficient and differentiated Hall coefficient, we infer that the electronlike pocket exists until x = 0.15, above which a large holelike FS forms. At 2 K, the xy ͑H͒ changes from negative to positive just in a small doping region ͑⌬x ϳ 0.015͒, indicating that single electron-pocket exists for x Յ 0.105. 
